Recent experiments on the deamidation of glutaminyl and asparaginyl residues in peptides and proteins support the hypothesis that these residues may serve as molecular clocks that control biological processes. A hypothesis is now offered that suggests that these molecular clocks are set by rejection or accumulation of appropriate sequences of residues including a glutaminyl or asparaginyl residue during evolution.
Why are two of the commonly occurring residues in peptides and proteins inherently unstable in aqueous medium? This property of glutaminyl and asparaginyl residues is especially puzzling, because their static structural properties are not unique and could be provided by stable amino acid residues. I think that the answer is that the instability of glutaminyl and asparaginyl residues is their primary biologically important property. The deamidation of glutaminyl and asparaginyl residues serves as a general molecular timer of biological processes. Some evidence has accumulated during the past few years that supports this hypothesis (1) .
The distribution function of deamidation half-times for single amide residues in model peptides under physiologically interesting solvent conditions has a width of at least 6 days to 9 years (Table 1) (2) (3) (4) (5) (6) (7) . The in vivo behaviors of cytochrome c (4, 8) , aldolase (5, 9, 10) , and lysozyme (2) are consistent with the deamidation half-times of model peptides with the same amide sequences as these proteins. Model peptide experiments also indicate that in vivo deamidation of histones (7) is likely. A correlation between the in vivo lifetime of proteins and their total amide content has been found (1). General electrophoretic heterogeneity caused by deamidation has been found in a large number of protein preparations (11) .
I now propose a mechanism whereby these molecular timers are set in individual peptides and proteins during evolution. I think that the rejection or accumulation of appropriate sequences of residues including a glutaminyl or asparaginyl residue during evolution establishes a molecular clock in each protein molecule. These molecular clocks may serve as timers of development, turnover, and aging in proteins, cells, and organisms.
The Molecular Timer Settings Available. Each individual glutaminyl or asparaginyl residue in a peptide or polypeptide has its own characteristic deamidation half-time. This deamidation half-time is determined by the nature of the residues adjacent to the amide residue (1-7), the nature of residues that are held close to the amide residue by secondary and tertiary protein structures (4), the general properties of the solvent surrounding the amide residue (1, (12) (13) (14) , and the nature of 885 certain solutes that may be present in the surrounding solvent (15, 16) . Table 1 shows some sequence-adjustable deamidation halftimes in 37.00 phosphate buffer with pH 7.4-7.5 and ionic strength 0.15-0.2. These half-times were determined by mea- surements on 14C-labeled (17) peptides synthesized by Merrifield solid-phase peptide synthesis (18). Sixty-four of the 1600 possible nearest-neighbor determined deamidation half-times for pentapeptides that contain the 20 most common aminoacid residues have been determined. Figs. 1 and 2 show estimated distribution functions for the deamidation half-times of these pentapeptides. In accordance with the estimated distribution function method (19) , each value for deamidation half-time has been replaced by an error function that is normalized to unit area, is centered on the value, and has standard deviation 2.5 times the logarithmic distance to the third nearest neighboring point. Only 4% of the 1600 possible pentapeptide models having different sequences have been studied, and it is to be expected that the shape of this distribution function will be more accurately determined after more measurements are made. Already, however, the contributions of six types of amide sequences are evident. I have also calculated this function with the introduction of correction factors for the relative percentages of the six types that happen to have been measured and for the differences in random mutational appearance of different sequences expected from the Escherichia coli genetic code (22) . The corrected function so closely resembles the uncorrected function shown in Fig. 2 that these corrections are probably much smaller at present than other uncertainties.
It may be expected that, in some cases, secondary and tertiary protein structures will alter the deamidation half-time of amide residues as determined by the nearest neighbors. It has been shown, so far, that the first in vivo deamidation of rabbit-muscle aldolase and the first in vitro deamidation of beef-heart cytochrome c are primarily under nearest-neighbor control (4, 5) , whereas the second in vitro deamidation of beefheart cytochrome c is markedly accelerated by a tertiary structure effect (4) .
Changes in pH, ionic strength, and temperature have been shown to change deamidation half-times (1, (12) (13) (14) , and it is to be expected that other general properties of the solvent Fig. 2 is unavailable to a longlived protein and the percentage of amide residues is lower, in accordance with Fig. 3 .
I suggest that the amide content of a long-lived protein molecule is determined by evolutionary rejection of amide sequences that have deamidation half-times shorter than the biologically optimum lifetime for the protein molecule.
Setting the Molecular Timers for Short Time Intervals. The turnover and other timed functions of a short-lived protein must, of course, occur within the lifetime of the protein. Yet the distribution function shown in Fig. 2 does not include single amide sequences with deamidation half-times that are as short as the in vivo lifetime of many short-lived proteins. However, if extra amides are accumulated in these proteins, the summations of their respective deamidation half-times can determine short time intervals. Fig. 3 shows that there has been a marked accumulation of amide residues in short-*This thesis lists the in vivo lifetime in days/the percentage of the total residues that are glutaminyl or asparaginyl residues for all proteins for which both values were found during a review of published work. The values are: rat ribonuclease <1/13.7; bovine chymotrypsinogen <1/10.2; bovine trypsinogen <1/13.1; chicken lysozyme <1-2/12.4; human haptoglobin 3.5-4/15.0; human -yM immunoglobulin 4-11/9.0; human transferrin 7-8/ 7.7; human -yG immunoglobulin 9-11/9.4; rat cytochrome c 16/7.7 (see also refs. 4 and 8); rat-brain A1-EAE 21/6.9; rabbit hemoglobin 25-35/6.3; human hemoglobin 60/4.9; pig glyceraldehyde-3-phosphate dehydrogenase 100/5.4; bovine histone IV 100-150/3.9; and human bone collagen >1000/3.4. (Refs. 21-34 are listed in ref. 20.) lived proteins. In addition, the average ratio of asparaginyl to glutaminyl residues is 1.75 for seven of the eleven shortest lived proteins in Fig. 3 , with lowest ratio 1.3. The immunoglobulins and transferrin have been excluded from this average because individual Asn and Gln values are not available; the A1-EAE protein has been excluded because the available values are unreliable (34) . As shown in Fig. 1 , the asparaginyl peptides have generally shorter deamidation half-times than do the glutaminyl peptides and are accordingly more useful for the regulation of short intervals.
I suggest that the amide content of a short-lived protein molecule is determined by evolutionary accumulation of amide sequences that have moderately short deamidation half-times and may function synergistically for the regulation of short timed intervals. It seems likely from measurements on pentapeptides (2) that the protein lysozyme has undergone this sort of amide accumulation.
Special Molecular Timers. In addition to the general setting of molecular timers by rejection or accumulation of amide residues described above, many molecular timers may be set by special intermolecular and intramolecular interactions that markedly alter the sequence-determined deamidation halftime of one or more amide residues in a particular protein.
An amide of this kind has been shown to be responsible for the second in vitro deamidation of beef-heart cytochrome c (4).
Implementation of the Molecular Timers. There are many ways in which the timed change of uncharged residues into acidic, negatively charged residues could cause timed changes in biological processes. One example is the timing of protein turnover. Increased negative charge might increase the susceptibility of a protein molecule to proteolytic degradation by opening the protein structure or causing the protein to disassociate from another cellular component (4) . This mechanism (1) would allow the planned obsolescence of individual protein molecules that is required for optimum cellular and organismic health. A similar argument (1) applies to the planned obsolescence of cells for the good of an organism and planned obsolescence of organisms for the good of a species, aging.
Summary
It is suggested that the amide content of peptides and proteins is determined by rejection or accumulation of appropriate sequences of residues including a glutaminyl or asparaginyl residue during evolution.
It is pointed out that many of the essential processes in living things may be timed by deamidation of glutaminyl and asparaginyl residues. These molecular clocks are under simple genetic control, are adjustable to all of the needed timed intervals, and are easily implemented by means of the changes that they can effect in the proteins in which they are included. Furthermore, measurements on peptides indicate that these amides are causing timed changes in the structures of most protein molecules in vivo. If these timed changes are not being put to biological use, then they are surely damaging to the order of biological systems and should have been evolutionarily eliminated long ago.
